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LESSONS FROM HILDA: A LARGE-SCALE EXPERIMENTAL INVESTIGATION 
OF STEEL FRICTION STIR WELDING FOR SHIPBUILDING 
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SYNOPSIS 
Friction stir welding of steel presents an array of advantages across many industrial sectors 
compared to conventional fusion welding techniques. Preliminary studies have identified 
many positive effects on the properties of welded steel components. However, the 
fundamental knowledge of the process in relation to structural steel remains relatively limited, 
hence industrial uptake has been essentially non-existent to this date. Wider introduction of 
friction stir welding of steel in industry will require that the process becomes economically 
and technically competitive to traditional fusion welding methods, a condition primarily 
expressed as high speed welding of acceptable quality within specifications. The European-
funded research project HILDA (High Integrity Low Distortion Assembly), the first of its kind in 
terms of breadth and depth, is concerned with enhancing the understanding of the process 
on low alloy steel and establishing its limits in terms of the two more significant parameters 
which can be directly controlled, tool traverse and rotational speed. 
For this purpose, a large-scale microstructure and property evaluation of friction stir welded 
low alloy steel grade DH36 plates commonly used in shipbuilding and marine applications 
has been undertaken. In this comprehensive study, steel plates of 2000 x 200 x 6 mm were 
butt welded together at gradually increasing tool traverse and rotational speeds trialling the 
outer boundaries of the process envelope and generating an extensive data set to account 
for a wide range of typical and atypical process parameters. A detailed microstructural 
characterisation study has investigated the effect of varying process parameters on the 
formed microstructure, and assessed the quality of each weld. In parallel, transverse tensile 
tests were performed on samples from each set of weld parameters to determine their tensile 
properties. This work was complemented by Charpy impact testing and micro-hardness 
testing in various weld regions. An in-depth fatigue performance assessment of steel joints 
has been implemented by employing a novel set of experimental procedures specific to 
friction stir welding drafted in collaboration with classification societies. The relevant study 
FRUUHODWHG WKH ZHOGPHQWV¶ IDWLJXH EHKDYLRXU WR PLFURVWUXFWXUDO REVHUYDWLRQV KDUGQHVV
measurements and fracture surface analysis. 
The testing programme has examined a wide range of welding parameters and developed a 
preliminary process parameter envelope based on the outcomes of the microstructural 
evaluation and mechanical testing. Initial process parameter sets have been identified which 
may produce fast (in the region of 400-500 mm/min) welds of acceptable quality; this is a 
step change improvement to the currently employed welding traverse speeds for this 
process, thus promoting its technical competitiveness to conventional welding methods. 
Moreover, this step change in the technical viability of steel friction stir welding is seen to 
improve the impact toughness of the weld without compromising strength and hardness, as 
2 
 
demonstrated by the Charpy impact testing results and micro-hardness measurements. The 
typical fatigue performance of friction stir welded steel plates has been established, 
exhibiting fatigue lives well above the weld detail class of the International Institute of 
Welding for fusion welding even for tests at 90% of yield strength, irrespective of minor 
instances of surface breaking flaws which have been identified. Analysis of the manner in 
which these flaws impact on the fatigue performance has concluded that surface breaking 
LUUHJXODULWLHVVXFKDVWKHVHSURGXFHGE\WKHWRROVKRXOGHU¶VIHDWXUHVRQWKHZHOGWRSVXUIDFH
can be the dominant factor for crack initiation under fatigue loading. 
.H\ZRUGV )ULFWLRQ VWLU ZHOGLQJ /RZ DOOR\ VWHHO 2SWLPLVDWLRQ 0LFURVWUXFWXUH 0HFKDQLFDO
WHVWLQJ)DWLJXH 
INTRODUCTION 
)ULFWLRQVWLUZHOGLQJ)6:ZDVRULJLQDOO\ LQWURGXFHGIRUZHOGLQJORZPHOWLQJSRLQWPDWHULDOV
VXFKDVDOXPLQLXPDQGPDJQHVLXPDOOR\VDQGKDVQRZUHDFKHGDVXIILFLHQWOHYHORIPDWXULW\
DQG LQGXVWULDO DFFHSWDQFH DV WKHVH PDWHULDOV DUH FRQFHUQHG +RZHYHU WKH WHFKQRORJ\
WUDQVIHU WR KLJK PHOWLQJ SRLQW DOOR\V DQG PDLQO\ VWHHO LV SDUWLFXODUO\ DSSHDOLQJ IRU PDQ\
LQGXVWULHV>@HJWKHWUDQVSRUWDWLRQVHFWRUPDULQHVKLSEXLOGLQJDQGRLODQGJDV LQGXVWU\
5HVHDUFKKDVFRPSDUHGWKHSURFHVVWRVXEPHUJHGDUFZHOGLQJ6$:RIVWHHOJUDGH'+
LQ WKHFRQWH[WRIVKLSEXLOGLQJRSHUDWLRQVDQGKDVUHDFKHGKLJKO\SRVLWLYHFRQFOXVLRQVRQ LWV
WHFKQLFDOYLDELOLW\>@6HSDUDWHZRUNKDVH[KLELWHGWKHIHDVLELOLW\RI)6:RQQXPHURXVVWHHO
JUDGHV >@ DQG KLJKOLJKWHG LPSURYHPHQWV LQ WKH PHWDOOXUJ\ HJ SURQRXQFHG JUDLQ
UHILQHPHQW>@DQGPHFKDQLFDOSURSHUWLHVVXFKDVRYHUPDWFKLQJRIWKHSDUHQWPHWDO>@RI
IULFWLRQVWLUZHOGV ,QFRQWUDVW WRFRQYHQWLRQDO IXVLRQZHOGLQJSURFHVVHV WKH WHPSHUDWXUHRI
WKH ZHOGHG VWHHO LV UHVWULFWHG LQ WKH VROLG SKDVH %\ DYRLGLQJ WKH IXVLRQ DQG VXEVHTXHQW
VROLGLILFDWLRQ RI WKH DOOR\ )6: FDQ GHOLYHU ZHOGV IUHH RI W\SLFDO DUF ZHOGLQJ GHIHFWV OLNH
SRURVLW\VROLGLILFDWLRQFUDFNLQJDQGHPEULWWOHPHQW>@ 
1RWZLWKVWDQGLQJWKHDERYHGLVFXVVHGDGYDQWDJHVRI)6:WKHXSWDNHRIWKHSURFHVVRQVWHHO
IRUFRPPHUFLDODSSOLFDWLRQVLVSUDFWLFDOO\QRQ-H[LVWHQW5H\QROGVHWDO>@H[SODLQWKDWVWHHOV
GR QRW W\SLFDOO\ VXIIHU IURP ZHOGDELOLW\ LVVXHV WKHUHIRUH VOLJKWO\ UHGXFLQJ WKH VWLPXOXV IRU
LQWURGXFWLRQ RI QHZ SURFHVVHV RWKHU WKDQ WKH HVWDEOLVKHG IXVLRQ ZHOGLQJ WHFKQLTXHV ,Q
DGGLWLRQ WKH SURFHVV RQ VWHHO LV PRUH FRPSOLFDWHG WKDQ RQ DOXPLQLXP GXH WR WKH H[WUHPH
FRQGLWLRQVH[SHULHQFHGE\ WKH)6:WRRO IRUVWHHODQG WKHVLJQLILFDQWO\KLJKHU IORZVWUHVV RI
VWHHOVDWHOHYDWHGWHPSHUDWXUHVFRXSOHGZLWKWKHLUUHGXFHGWKHUPDOGLIIXVLRQFRHIILFLHQW>@ 
7KH PDMRU REVWDFOH ZKLFK KDV HPHUJHG LV WKH FXUUHQW WRRO WHFKQRORJ\ DQG WKH KLJK
UHTXLUHPHQWVRQ WKH WRROPDWHULDO LQSDUWLFXODU >@7KH WRROPDWHULDO WREHXVHGIRU)6:RI
KLJKPHOWLQJSRLQWPHWDOVLVUHTXLUHGWRH[KLELWVXIILFLHQWIUDFWXUHWRXJKQHVVZHDUUHVLVWDQFH
DQGFKHPLFDOLQHUWQHVVZLWKUHVSHFWWRWKHDOOR\WREHZHOGHGDOODWKLJKWHPSHUDWXUHV>@
5HFHQW GHYHORSPHQWV LQ WRRO WHFKQRORJ\ KDYH GHOLYHUHG K\EULG WRROV FRQVLVWLQJ RI
SRO\FU\VWDOOLQHERURQQLWULGH SF%1SDUWLFOHV LQD UHIUDFWRU\PHWDO :5HELQGHU6WLOOSF%1
WRROVDUHSUHVHQWO\H[SHQVLYHDQGGHPRQVWUDWHFUDFNLQJDQGUHGXFHGZLWKUHVSHFWWR:5H-
EDVHGWRROV\HWFRQVLGHUDEOHZHDUWKXVDUHNQRZQWRSURGXFHRYHUDOOZHOGOHQJWKVWKDWDUH
WRR VKRUW PD[  P SHU WRRO WR EH HFRQRPLFDOO\ YLDEOH IRU DQ\ LQGXVWU\ ZKLFK PD\ EH
DVVHVVLQJ WKH LQWURGXFWLRQ RI WKH SURFHVV >@ 7KH )6: WRRO LV UHTXLUHG WR JHQHUDWH
DSSUHFLDEOH WKHUPDO HQHUJ\ DQG VXEVWDQWLDO PHFKDQLFDO VWLUULQJ ZKLOH RSHUDWLQJ LQ H[WUHPH
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FRQGLWLRQV7KHSUHVHQWUHVWULFWLRQV LQWRROGHVLJQDQGPDWHULDODOORZIRURQO\ WZRVWHHO MRLQW
FRQILJXUDWLRQVWREHZHOGHGLHEXWWDQGODSMRLQWV6WLOODIXQGDPHQWDOUHTXLUHPHQWIRUPDQ\
LQGXVWULHVVXFKDVVKLSEXLOGLQJLVWKHFDSDELOLW\WRSURGXFHILOOHWZHOGV7-MRLQWV 
5HVHDUFKVWXGLHVKDYHLGHQWLILHGWKHFXUUHQWOLPLWDWLRQVRIVWHHO)6:DQGFRQFOXGHWKDWQHZ
GHYHORSPHQWVLQWRROGHVLJQDQGPDWHULDODQGWKHLGHQWLILFDWLRQRIUHOHYDQWQLFKHDSSOLFDWLRQV
ZKLFKZLOOGHFLVLYHO\EHQHILWIURPWKHLQWURGXFWLRQRI)6:DUHWKHWZRFULWLFDOIDFWRUVIRUZLGHU
LQGXVWULDO XSWDNH RI WKH SURFHVV RQ VWHHO >@ 3UHVHQWO\ WKH SURFHVV UHPDLQV RYHUO\
LPPDWXUHDQGH[SHQVLYH IRU XVHRXWVLGHH[SHULPHQWDO ODERUDWRULHV LW LV IDU IURPEHFRPLQJ
HFRQRPLFDOO\ FRPSHWLWLYH WR IXVLRQ ZHOGLQJ PHWKRGV SUHGRPLQDQWO\ EHFDXVH RI WKH LVVXHV
DVVRFLDWHGZLWKWKH)6:WRROIRUVWHHO >@DSDUWIURPYHU\IHZFDVHVWKDWDUHLQVHQVLWLYHWR
WKH KLJK FRVW RI WKH SURFHVV ZKHQ FRPSDUHG WR WKH EHQHILWV LQYROYHG VXFK DV VSHFLILF
DSSOLFDWLRQVLQWKHRLODQGJDVLQGXVWU\ 
(DUOLHUVWXGLHVRQVWHHO)6:ZHUHSULPDULO\FRQFHUQHGZLWKHVWDEOLVKLQJWKHIHDVLELOLW\RIWKH
SURFHVVRQGLYHUVHVWHHOJUDGHV0RUH UHFHQWO\ WKH UHOHYDQW UHVHDUFK LVPRVWO\ LQYROYHG LQ
LQYHVWLJDWLQJ WKH UHODWLRQVKLS EHWZHHQ YDU\LQJ ZHOGLQJ SDUDPHWHUV DQG UHVXOWDQW ZHOG
SURSHUWLHV )UDVHU HW DO >@ UHDVRQ WKDW PDQ\ DUWLFOHV UHSRUW RQ WKH )6: SURFHVV
RSWLPLVDWLRQ LQ WHUPV RI VSHFLILF PHFKDQLFDO SURSHUWLHV VXFK DV WHQVLOH VWUHQJWK RU IDWLJXH
SHUIRUPDQFH IRU QLFKH DSSOLFDWLRQV +RZHYHU RSWLPDO SURSHUWLHV DUH QRW WKH SULPDU\
UHTXLUHPHQW IRUPDQ\ LQGXVWULDO DSSOLFDWLRQV SDUWLFXODUO\ IRU ODUJH-VFDOH PDQXIDFWXULQJ WKH
FRVWV UHODWHG WR DFKLHYLQJ SURSHUWLHV DERYH WKH PLQLPXP DFFHSWDEOH DUH QRW MXVWLILDEOH LQ
WKHVH DSSOLFDWLRQV ,Q FRQWUDVW )6: QHHGV WR EH RSWLPLVHG ZLWK UHJDUG WR KLJK ZHOGLQJ
VSHHG RI GHIHFW-IUHH DQG DFFHSWDEOH TXDOLW\ ZHOGV ZLWKLQ VSHFLILFDWLRQV RU FODVVLILFDWLRQ
VRFLHW\ FODVV UXOHV LQ WKH FDVH RI VKLSEXLOGLQJ DQG PDULQH DSSOLFDWLRQV UDWKHU WKDQ EHVW
SRVVLEOH PHFKDQLFDO SURSHUWLHV IRU ZLGHU LQGXVWULDO LQWURGXFWLRQ 7KLV RSWLPLVDWLRQ IRU KLJK
WUDYHUVH VSHHGV ZLOO EH RI LQWHUHVW WR PDQ\ LQGXVWULDO VHFWRUV ZKHUH WKH KLJKHVW SRVVLEOH
ZHOGLQJVSHHGLVGHVLUDEOHLQRUGHUWRUHGXFHSURGXFWLRQFRVWV 
)HZSHUWLQHQWVWXGLHVUHSRUWRQWKHHIIHFWRIWUDYHUVHVSHHGVLQWKHUDQJHRI-PPPLQ
RQWKHHYROYHGPLFURVWUXFWXUHDQGUHVXOWDQWPHFKDQLFDOSURSHUWLHVRIVWUXFWXUDOVWHHOVPXFK
OHVV RQ SURFHVV RSWLPLVDWLRQ DW KLJKHU VSHHGV <HW WKHLU H[WHQW RU WKRURXJKQHVV DSSHDUV
IDLUO\ UHVWULFWHG 2QH UHSUHVHQWDWLYH SXEOLFDWLRQ >@ HPSOR\V  SDUDPHWHU VHWV ZLWK D
PD[LPXP WUDYHUVH VSHHG RI  PPPLQ LQ DQ RSWLPLVDWLRQ VWXG\ RI WKH )6: RI DQ
DGYDQFHGKLJKVWUHQJWKVWHHO $+66$OWKRXJK WKH WHQVLOHVKHDU WHVWVDPSOHVDUHVHHQ WR
IUDFWXUH LQ WKH KHDW DIIHFWHG ]RQH WKLV UHVHDUFK ZRUN >@ GRHV QRW VHHN WR HQKDQFH WKH
WHQVLOHSURSHUWLHVRIWKLVUHJLRQWKURXJKWKHHYDOXDWLRQRIUHILQHGSDUDPHWHUVHWV7KHUHDUH
GLYHUVH RSWLPLVDWLRQ VWXGLHV IRU )6: RI DOXPLQLXP DOOR\V LQFOXGLQJ PRGHOOLQJ VWDWLVWLFDO
DQDO\VLVRUH[SHULPHQWDOZRUNEXWPRVWVHHPUDWKHUVPDOOVFDOHSURMHFWVZKHQFRPSDUHGWR
WKHSUHVHQWZRUNDQGWKHUHIRUHFDQQRWEHWUDQVIHUUHGLQWRWKH)6:RIVWHHO 
:LWKLQ WKH (XURSHDQ UHVHDUFK SURMHFW +,/'$ D FRPSUHKHQVLYH VSUHDG RI ORZ DOOR\ VWHHO
JUDGH '+ IULFWLRQ VWLU EXWW ZHOGV RI VORZ LQWHUPHGLDWH DQG IDVW SURFHVV SDUDPHWHUV DUH
WKRURXJKO\ H[DPLQHG LQ RUGHU WR GHWHUPLQH D VWHS FKDQJH LPSURYHPHQW WR WKH FXUUHQWO\
DFFHSWHG ZHOGLQJ VSHHGV DQG HQKDQFH WKH SURFHVV¶V WHFKQR-HFRQRPLF SRWHQWLDO IRU
LQWURGXFWLRQ LQ WKHVKLSEXLOGLQJ LQGXVWU\6LQFH)6:RIVWHHO VKRXOGEHFRPHFRPSHWLWLYH WR
FRQYHQWLRQDO IXVLRQ ZHOGLQJ PHWKRGV LQ WHUPV RI KLJK WUDYHUVH VSHHGV PPPLQ RI KLJK
LQWHJULW\ ZHOGV WKLV UHVHDUFK ZRUN KDV LPSOHPHQWHG DQ RSWLPLVDWLRQ VWXG\ FRQFHUQHG ZLWK
HVWDEOLVKLQJWKHOLPLWVRIWKHSURFHVVZLWKUHVSHFWWRWKHWRROWUDYHUVHVSHHGDQGLQSDUDOOHO
WKH ZHOG LQWHJULW\ LV DVVHVVHG E\ PLFURVWUXFWXUDO FKDUDFWHULVDWLRQ DQG PHFKDQLFDO SURSHUW\
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HYDOXDWLRQ 7KLV H[WHQVLYH ZRUN UHSRUWHG KHUHLQ ZLOO DVVLVW LQ GHYHORSLQJ WKH IXQGDPHQWDO
NQRZOHGJHRQ)6:RIVWHHO 
EXPERIMENTAL PROCEDURES 
Material and welding details 
0RUHWKDQVLQJOHVLGHGIULFWLRQVWLUEXWWZHOGVLQPPWKLFN'+VWHHOSODWHZLWKRULJLQDO
GLPHQVLRQV RI  PP [  PP ZHUH SURGXFHG GXULQJ WKH OLIHWLPH RI WKH SURMHFW 7KH
SODWHVZHUHVHFXUHO\FODPSHGWR WKHPDFKLQHEHGDQGZHOGHG LQ WKHDVUHFHLYHGFRQGLWLRQ
ZLWKRXW DQ\ SULRU VXUIDFH SUHSDUDWLRQ 7KH GHWDLOV RI WKH 3RZHU6WLU )6:PDFKLQH DQG WKH
:5H-SF%1WRROVFRQVLVWHQWO\HPSOR\HGIRU)6:DUHLQWURGXFHGLQDSUHYLRXVZRUN>@7KH
ORZDOOR\VWHHOJUDGH'+QRPLQDOFKHPLFDOFRPSRVLWLRQLVSURYLGHGLQ7DEOH2XWRIWKLV
ODUJH-VFDOH VWHHO )6: SURMHFW  ZHOGV ZHUH IXOO\ FKDUDFWHULVHG E\ PLFURVWUXFWXUDO
H[DPLQDWLRQDQGPHFKDQLFDOSURSHUW\WHVWLQJDVRXWOLQHGEHORZ 
Table 1. Chemical composition of 6 mm thick DH36 steel (wt.%) 
& 6L 0Q 3 6 $O 1E 1 
        
Process parameter development programme 
$ EURDG SDUDPHWHU GHYHORSPHQW SURJUDPPH ZDV XQGHUWDNHQ E\ YDU\LQJ WKH WRRO WUDYHUVH
DQG URWDWLRQDO VSHHG $OO RWKHU SURFHVV SDUDPHWHUV HJ WRRO WLOW RI R DQG SURFHVVLQJ
FRQGLWLRQV ZHOGLQJPDFKLQHEDFNLQJSODWHHWFZHUHPDLQWDLQHGFRQVWDQW7KHH[DPLQHG
SURFHVV SDUDPHWHUV DUH VSUHDG LQWR  WUDYHUVH VSHHG JURXSV ZKLFK ZLOO VXEVHTXHQWO\ EH
UHIHUUHG WR DV ³VORZ´ ³LQWHUPHGLDWH´ DQG ³IDVW´ ,QLWLDO WULDOV ZHUH SHUIRUPHG XVLQJ WKH VORZ
WUDYHUVHVSHHGRIPPPLQ IXUWKHUZHOGLQJZDVFDUULHGRXWE\JUDGXDOO\ LQFUHDVLQJ WKH
WUDYHUVH VSHHG XS WR  PPPLQ WKHUHE\ VXEVWDQWLDOO\ HQKDQFLQJ WKH HFRQRPLF
FRPSHWLWLYHQHVVRIVWHHO)6:WRWUDGLWLRQDOIXVLRQZHOGLQJPHWKRGVIRULQGXVWULDODSSOLFDWLRQV 
Microstructural examination 
0LFURVWUXFWXUDOREVHUYDWLRQVZHUHFRUUHODWHGZLWKWKHUHVXOWDQWPHFKDQLFDOSURSHUWLHVRIHDFK
ZHOG DQG UHYHDOHG PLQRU SURFHVV-UHODWHG IODZV ZKLFK FRXOG LPSDFW RQ WKH ZHOGV¶
SHUIRUPDQFH 7KH HPSOR\HG QRPHQFODWXUH UHJDUGLQJ WKH PLFURVWUXFWXUDO UHJLRQV ZLWKLQ D
W\SLFDO IULFWLRQ VWLU ZHOG KDV EHHQ GLVFXVVHG SUHYLRXVO\ >@ WKH DGYDQFLQJ VLGH RI HDFK
IULFWLRQVWLUZHOGLVVHHQRQWKHOHIWVLGHRIDOOLPDJHV 
Transverse tensile testing 
7UDQVYHUVHWHQVLOHWHVWLQJRIVDPSOHVSHUZHOGZDVFRQGXFWHGDFFRUGLQJWR,626WDQGDUGV
>@ WR LGHQWLI\ WKH \LHOG VWUHQJWK XOWLPDWH WHQVLOH VWUHQJWK DQG SRVLWLRQ RI IUDFWXUH SDUHQW
PDWHULDORUZHOGPHWDOIRUHDFKIULFWLRQVWLUZHOG 
Hardness and impact toughness measurements 
:HOG]RQHPLFUR-KDUGQHVVPHDVXUHPHQWVZHUHUHFRUGHGXVLQJDQDSSOLHGORDGRIJIDW
 PP [-\ JULG VSDFLQJ DQG DVVRFLDWHG ZLWK PLFURVWUXFWXUDO REVHUYDWLRQV DQG PHFKDQLFDO
SURSHUWLHVRIHDFKZHOG 
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6WDQGDUG9-QRWFK&KDUS\LPSDFWWHVWLQJ>@JHQHUDWHGQRYHOGDWDRQWKHLPSDFWWRXJKQHVV
EHKDYLRXU RI IULFWLRQ VWLU ZHOGHG ORZ DOOR\ VWHHO 7KH QRWFK D[LV RI V\PPHWU\ ZDV
PDQXIDFWXUHGSHUSHQGLFXODUWRWKHZHOGFHQWUHOLQH7KUHHVHWVRIWUDQVYHUVHO\VHFWLRQHG
PPZLGWKUHGXFHG-VHFWLRQVDPSOHVIXUQLVKHGLPSDFWWRXJKQHVVGDWDIRUWKHHQWLUHWKHUPR-
PHFKDQLFDOO\ DIIHFWHG ]RQH 70$= ZLGWK FRPPHQFLQJ IURP WKH ZHOG FHQWUHOLQH DQG
H[WHQGLQJ RXWZDUGV LQ  PP LQFUHPHQWV >@ 7KH LPSDFW WRXJKQHVV GDWD KDYH EHHQ
QRUPDOLVHGWRD[PPHTXLYDOHQWE\DVFDOLQJIDFWRURILQOLQHZLWKFODVVUXOHV>@ 
Fatigue testing 
6LQFHWKHIDWLJXHSHUIRUPDQFHRIZHOGHGFRPSRQHQWVLVRISDUDPRXQWLPSRUWDQFHLQPDULQH
DSSOLFDWLRQV  DGGLWLRQDO '+ VWHHO ZHOGV ZHUH PDQXIDFWXUHG XVLQJ SURFHVV SDUDPHWHUV
FKDUDFWHULVWLFRIWKHZHOGLQJWUDYHUVHVSHHGJURXSVLHVORZLQWHUPHGLDWHDQGIDVW7DEOH
 $Q H[WHQVLYH VHW RI IDWLJXH DVVHVVPHQW JXLGHOLQHV VSHFLILF WR )6: ZDV GUDIWHG DQG
H[HFXWHGGXHWRWKHODFNRISHUWLQHQWWHVWLQJVWDQGDUGV:LWKLQWKLVDOO-LQFOXVLYHH[DPLQDWLRQ
WKH ZHOGPHQWV¶ \LHOG VWUHQJWK DQG PHWDOOXUJLFDO IHDWXUHV ZHUH UHFRUGHG LQ VXSSRUW RI WKH
IDWLJXH WHVWLQJ 7UDQVYHUVH IDWLJXH VDPSOH VHFWLRQLQJ DQG PDFKLQLQJ ZDV SHUIRUPHG ZLWK
JUDGXDOO\ GHFUHDVLQJ GHSWKV RI UHPRYHG PDWHULDO WR GLPLQLVK DQ\ ZRUN KDUGHQLQJ RQ WKH
VXUIDFHV>@7KHVDPSOHV¶VLGHVZHUHSROLVKHGORQJLWXGLQDOO\XSWRȝP5DVXUIDFHILQLVK
>@WRPLQLPLVHGWKHHIIHFWVRISRVVLEOHWUDQVYHUVHPDFKLQLQJPDUNVEXWWKHWRSDQGERWWRP
VXUIDFHVZHUHWHVWHG³DV-UHFHLYHG´ 
Table 2. Fatigue samples per welding speed and stress range 
:HOGUHIHUHQFH 7UDYHUVHVSHHGPPPLQ 
5RWDWLRQDOVSHHG
USP 
6WUHVVUDQJH 
RI<6 
1XPEHURIWHVWHG
VDPSOHV 
,QWHUPHGLDWH   
  
  
  
6ORZ     
)DVW     
$VWKHSULPDU\FRQVLGHUDWLRQRIWKHIDWLJXHWHVWLQJSURJUDPPHWKHLQWHUPHGLDWHZHOG¶VKLJK
F\FOHIDWLJXHSHUIRUPDQFHLHORDGLQJF\FOHVWRIUDFWXUHDERYHZDVHYDOXDWHGE\WHVWLQJ
VDPSOHV LQVWUHVV UDQJHV)DWLJXHWHVWLQJRI WKHVORZDQGIDVWZHOGV LQRQHVWUHVV UDQJH
GHILQHGWKH LPSDFWRISURFHVVSDUDPHWHUVRQWKHIDWLJXHEHKDYLRXURIVWHHO)6:7DEOH
7KH QRPLQDO VWUHVVHV DSSOLHG GXULQJ IDWLJXH WHVWLQJ KDYH EHHQ UHSRUWHG LQ D VHSDUDWH
SXEOLFDWLRQ >@ WKH FRQVLVWHQW VWUHVV UDWLR DQG VWUHVV IUHTXHQF\ XVHG WKURXJKRXW WKLV
SURJUDPPHZHUHDQG+]UHVSHFWLYHO\ 
RESULTS AND DISCUSSION 
Microstructural characterisation 
7KHVWHHOJUDGH'+HTXLD[HGIHUULWHSHDUOLWHEDQGHGPLFURVWUXFWXUHLVVKRZQLQ)LJD
7KH VORZ WUDYHUVH VSHHGV - PPPLQ JHQHUDWH D KRPRJHQHRXV DQG GHIHFW-IUHH
PLFURVWUXFWXUH RI KLJKO\ UHILQHG IHUULWH JUDLQV )LJ E WKXV SURYLGLQJ FRQILGHQFH LQ WKH
PHFKDQLFDOLQWHJULW\RIVXFKZHOGV)LQHDFLFXODUVKDSHGEDLQLWLFIHUULWHVKDYHIRUPHGLQWKH
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 PPPLQ WUDYHUVH VSHHG ZHOG DW  USP WRRO URWDWLRQDO VSHHG )LJ F7KLV EDLQLWH
FRQWHQW LV VHHQ WR LQFUHDVH ZLWK KLJKHU ZHOGLQJ WUDYHUVH VSHHGV $ VHSDUDWH VWXG\ >@
REVHUYHV DQ DFLFXODU EDLQLWLF IHUULWH PLFURVWUXFWXUH LQ WKH 70$= RI IULFWLRQ VWLU ZHOGHG$3,
;VWHHOIRUFRUUHVSRQGLQJWUDYHUVHVSHHGDQGFRPPHQWVWKDWEDLQLWLFIHUULWHVIRUPRQWKH
DXVWHQLWH JUDLQ ERXQGDULHV 0RUHRYHU WKH  PPPLQ WUDYHUVH VSHHG ZHOG UHYHDOV DQ
DFLFXODUIHUULWHULFKPLFURVWUXFWXUH)LJG 
 
Fig. 1. Microstructure of (a) DH36 parent material [x1000, Etched] and mid-TMAZ of (b) 100 
mm/min [x1000, Etched]; (c) 120 mm/min [x1000, Etched]; (d) 200 mm/min [x1000, Etched] 
7KH LQWHUPHGLDWH WUDYHUVH VSHHGV - PPPLQ FUHDWH DQ DFLFXODU EDLQLWLF IHUULWH-ULFK
PLFURVWUXFWXUH)LJDZLWKYDU\LQJGHJUHHVRIKHWHURJHQHLW\WKHODWWHULVLOOXVWUDWHGLQ)LJ
E7KH UHODWLRQ RI HQKDQFHG EDLQLWH FRQVWLWXHQW GXH WR KLJKHU FRROLQJ UDWHV GHYHORSHG E\
LQFUHDVLQJWUDYHUVHVSHHGLVZHOOLGHQWLILHGLQ)LJD	EERWKDWUSPURWDWLRQDOVSHHG
7KHEDLQLWHULFKUHJLRQVUHYHDOHYLGHQFHRISULRUDXVWHQLWHJUDLQERXQGDULHV)LJD 
7KH IDVW WUDYHUVHVSHHGV -PPPLQJLYH ULVH WRKHWHURJHQHRXVPLFURVWUXFWXUHVRI
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Fig. 2. Microstructure of mid-TMAZ [x1000, Etched] (a) 375 mm/min; (b) 275 mm/min 
 
Fig. 3. Microstructure of mid-TMAZ at 500 mm/min [x1000, Etched] (a) 700 rpm; (b) 600 rpm 
DFLFXODU IHUULWHVDQGDSSUHFLDEO\ LQFUHDVHGDFLFXODU EDLQLWLF IHUULWHV DVKLJKHU FRROLQJ UDWHV
KDYH EHHQ JHQHUDWHG WKH PLFURVWUXFWXUDO KHWHURJHQHLW\ RI WZR FKDUDFWHULVWLF ZHOGV DW 
PPPLQLVGLVSOD\HGLQ)LJ7KHEDLQLWHULFKUHJLRQVFOHDUO\GLVFORVHSULRUDXVWHQLWHJUDLQ
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ERXQGDULHV )LJ E &RPSDUDEOH IXOO\ DFLFXODU PLFURVWUXFWXUH LQ WKH 70$= RI IULFWLRQ VWLU
ZHOGHG'+VWHHODWPPPLQLVREVHUYHGLQDSULRUVWXG\>@ZKHUHLWLVDWWULEXWHGWRWKH
SKDVHWUDQVIRUPDWLRQRIDXVWHQLWHLQKLJKFRROLQJUDWHV 
7KH HPSOR\HG SURFHVV SDUDPHWHUV KDYH QRW GHYHORSHG HPEHGGHG IODZV ZLWKLQ WKH70$=
ZKLFKFDQDGYHUVHO\DIIHFW WKHZHOGV¶TXDOLW\RUPHFKDQLFDOSHUIRUPDQFH WKXVHVWDEOLVKLQJ
WKDW KLJK VSHHG)6:RI VWHHO LV DFKLHYDEOHDW DZLGH UDQJHRI WUDYHUVHVSHHGV+RZHYHU
VHYHUDOLQWHUPHGLDWHDQGIDVWZHOGSDUDPHWHUVKDYHJHQHUDWHGVXUIDFHEUHDNLQJIODZVHLWKHU
DV LQFRPSOHWH IXVLRQSDWKV DOVRGHVFULEHGDV ODSVRQ WKH WRS VXUIDFHRUPLQRUXQZHOGHG
VHFWLRQVRIWKHRULJLQDOEXWWHGSODWHLQWHUIDFHKHQFHIODZVDWWKHZHOGURRWERWKW\SHVKDYH
EHHQWKRURXJKO\GLVFXVVHGLQSULRUSXEOLFDWLRQV>@ 
Transverse tensile properties 
7KHVORZDQGLQWHUPHGLDWHIULFWLRQVWLUZHOGVH[KLELWFRQVLVWHQWIUDFWXUHLQWKHSDUHQWPDWHULDO
RXWRI WKHZHOGVGXULQJ WUDQVYHUVH WHQVLOH WHVWLQJ WKHUHE\GHQRWLQJKLJKHUVWUHQJWK
WKDQWKH'+EDVHPDWHULDODVW\SLFDOO\ UHSRUWHG LQ WKHUHOHYDQW WHFKQLFDO OLWHUDWXUH >±@
7KHDVVRFLDWHG WHQVLOHSURSHUW\GDWDDQG WKHFRUUHVSRQGLQJ IUDFWXUHVXUIDFHDQDO\VLVKDYH
EHHQ SURYLGHG LQ D SUHYLRXV ZRUN >@ 7KH IDWLJXH WHVWLQJ SDUDPHWHUV ZHUH FRQVLVWHQWO\
FRPSXWHGXVLQJDQDYHUDJH<6RI03D 
7KHSURFHVV LV OHVVWROHUDQWWRSDUDPHWHUYDULDWLRQVDW WKHKLJKZHOGLQJ WUDYHUVHVSHHGVRI
 PPPLQ DQG  PPPLQ ZKHUH RQO\ RQH LQ  ZHOGV H[KLELWV WKH DERYH GLVFXVVHG
GXFWLOH IUDFWXUHEHKDYLRXU ,QFRQWUDVWPRVW WHQVLOHVDPSOHV IUDFWXUHG LQ WKH70$=WKURXJK
WKHWRSVXUIDFHODSVRQWKHDGYDQFLQJVLGHRUGLVSOD\HGXQVWDEOHEHKDYLRXUIUDFWXUHHLWKHU
LQVLGHWKHZHOGRUWKHSDUHQWPDWHULDOLHQRVWHDG\VWDWHFRQGLWLRQVKDYHEHHQDWWDLQHG 
Hardness distribution 
7KHKDUGQHVVRI WKHZHOGUHJLRQ LUUHVSHFWLYHRISRVLWLRQKDVEHHQVKRZQWR LQFUHDVHZLWK
ULVLQJ WUDYHUVH VSHHG >@7KLV LV DQ H[SHFWHG ILQGLQJ FRQVLGHULQJ WKDW KLJKHU WUDYHUVH
VSHHGVGHYHORSKLJKHUFRROLQJUDWHVWKXVKDUGHUSKDVHVWKHLQFUHDVLQJEDLQLWHFRQWHQWZLWK
IDVWHUWUDYHUVHVSHHGVKDVEHHQGHPRQVWUDWHGLQWKHPLFURVWUXFWXUDOFKDUDFWHULVDWLRQDERYH
2YHUDOOWKHZHOGV¶KDUGQHVVLVKLJKHUWKDQWKHEDVHPDWHULDOZLWKSHDNVHLWKHULQWKHFHQWUDO
70$=RU WRZDUGV WKHDGYDQFLQJVLGH7KHVORZDQG LQWHUPHGLDWHZHOGVH[KLELWPRGHUDWHO\
HYHQVSUHDGRIKDUGQHVVYDOXHVDFURVVWKHZHOG]RQHDQGWKLVLVUHIOHFWHGLQWKHLUWUDQVYHUVH
WHQVLOH WHVWLQJ SHUIRUPDQFH &ODVV UXOHV IRU IXVLRQ ZHOGLQJ UHTXLUH WKDW WKH PD[LPXP
KDUGQHVV GRHV QRW H[FHHG  +9 IRU VWHHO JUDGHV VXFK DV '+ >@ $OO VORZ DQG
LQWHUPHGLDWHZHOGVDSDUWIURPRQHZRXOGEHGHHPHGDFFHSWDEOHVKRXOGWKH\ZHUHDVVHVVHG
E\IXVLRQZHOGLQJUXOHV>@+LJKKDUGQHVVEXWVWLOOZLWKLQFODVVUHTXLUHPHQWV>@LVUHFRUGHG
IRURQO\RQHZHOGRIWKHIDVWJURXSLHWKHZHOGDWUSPZKLFKSHUIRUPHGVDWLVIDFWRULO\LQ
WKHWHQVLOHWHVWLQJSURJUDPPH 
Impact toughness investigation 
3UHYLRXV ZRUN >@ GLVFXVVHG WKH LPSDFW WRXJKQHVV GLVWULEXWLRQ RI  UHSUHVHQWDWLYH ZHOGV
PRVW RI ZKLFK GLVFORVHG LPSDFW WRXJKQHVV ORZHU WKDQ WKH SDUHQW PDWHULDO DQG WKH
LQWHUPHGLDWH DQG IDVW ZHOGV GHPRQVWUDWHG JUDGXDO LQFUHDVH RI LPSDFW WRXJKQHVV IURP WKH
RXWHU70$=WRZDUGVWKHZHOGFHQWUHOLQHZLWKDSHDNLQWKHLQQHUDGYDQFLQJVLGH7KHVWXG\
>@FRQFOXGHGWKDWWKHZHOGV¶LPSDFWWRXJKQHVVLQFUHDVHVZLWKKLJKHUWUDYHUVHVSHHGVWKXV
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VXSSRUWLQJWKHDUJXPHQWIRUKLJKVSHHGVWHHO)6:EXWWKLVIDYRXUDEOHHIIHFWZDVLGHQWLILHG
VROHO\RQWKHDGYDQFLQJVLGH 
)XUWKHU ZRUN FRQFHQWUDWLQJ RQ WKH KLJK WUDYHUVH VSHHG ZHOGV RI  PPPLQ 7DEOH 
UHYHDOVDQLPSDFWWRXJKQHVVSDWWHUQZKLFKLVLQDJUHHPHQWZLWKWKHLUWHQVLOHWHVWUHVXOWV7KH
 ZHOGV DUH HVVHQWLDOO\ VHSDUDWHG LQWR WZR GLVWLQFW FDWHJRULHV WKH LPSDFW WRXJKQHVV RI 
ZHOGV LVVHHQWREHUHGXFHGZLWKUHVSHFWWRWKHSDUHQWPDWHULDOZLWKDSHDNRQWKHPLGRU
LQQHU DGYDQFLQJ70$=7KH VDPH  ZHOGV H[KLELWHG FRQVLVWHQW EULWWOH IUDFWXUH LQ WKH ZHOG
]RQH LQ WKH WUDQVYHUVH WHQVLOH WHVWV >@ DQG WKLV GHFOLQH LQ GXFWLOLW\ IURP RULJLQDOO\ GXFWLOH
SDUHQW SODWH WR EULWWOH ZHOG KDV EHHQ GHWULPHQWDO WR WKHLU WRXJKQHVV ,Q FRQWUDVW WKH WZR
ZHOGVRIWKLVJURXS	USPZKLFKVKRZHGKLJKHUVWUHQJWKWKDQWKHSDUHQWSODWHRU
PL[HGWHQVLOHUHVXOWVGHPRQVWUDWHEHWWHULPSDFWWRXJKQHVVDQGDQDORJRXVGLVWULEXWLRQZKLFK
PDWFKHVWKHSDUHQWPDWHULDORQWKHLQQHUDGYDQFLQJ70$=7DEOH 
Table 3. Impact toughness distribution in the weld region for the 500 mm/min traverse speed 
welds (J at 20oC) 
:HOGURWDWLRQDO
VSHHGUSP 
$GYDQFLQJVLGH &HQWUHOLQH 5HWUHDWLQJVLGH 
    - - - 
        
        
        
        
        
3DUHQWPDWHULDO  
Fatigue performance assessment 
7KHIDWLJXHWHVWLQJGHWDLOV LHQRPLQDOVWUHVVHVDQGSORWVRIWKHH[SHULPHQWDO6-1GDWDDUH
LQWURGXFHGHOVHZKHUH>@7KH6-1GDWDRIWKHZHOGLQJVSHHGVDPSOHVDWWKHRI<6
VWUHVV UDQJH 7DEOH  DUH SURYLGHG LQ )LJ  6LQFH QR VWDQGDUGV H[LVW IRU WKH IDWLJXH
DVVHVVPHQWRIZHOGVWKLVDQDO\VLVFRPSDUHVWKHVHQHZO\JHQHUDWHGIDWLJXHWHVWLQJGDWDIRU
IULFWLRQ VWLU ZHOGHG ORZ DOOR\ VWHHO WR WKH ,QWHUQDWLRQDO ,QVWLWXWH RI :HOGLQJ ,,:
UHFRPPHQGDWLRQVIRUIXVLRQZHOGLQJLQWKHVKLSEXLOGLQJDQGPDULQHVHFWRUV>@7KHUHOHYDQW
,,:)$7  ZHOG GHWDLO FODVV IRU VLQJOH VLGHG EXWW ZHOGLQJ GHILQHV WKDW IUDFWXUH VKRXOG QRW
RFFXUZLWKLQîF\FOHVIRUDF\FOLFVWUHVVUDQJHRI03DDWSUREDELOLW\>@7KH
)$7FODVVLVDOVRSORWWHGLQ)LJVORSHLVDVSHU,,:DORQJZLWKWKHOLQHVIRUSUREDELOLW\
RIVXUYLYDODWPHDQDQGRIWKHSUHVHQWIULFWLRQVWLUZHOGV 
$OWKRXJK WKHUH LV D GHJUHH RI VFDWWHU LQ WKH 6-1 GDWD )LJ  GXH WR WKH GLYHUVH IDWLJXH
SHUIRUPDQFH RI WKH VORZ DQG IDVW ZHOGV WKH WKUHH '+ VWHHO ZHOGV SUHVHQW  KLJKHU
IDWLJXHVWUHQJWK03DDWîF\FOHVIRUSUREDELOLW\RIVXUYLYDOWKDQWKH)$7
FODVV7KHUHIRUH WKHIDWLJXHSHUIRUPDQFHRI IULFWLRQVWLUZHOGHGVWHHOJUDGH'+ZRXOGEH
YLHZHGDVUHPDUNDEO\VDWLVIDFWRU\VKRXOGLWEHDVVHVVHGE\IXVLRQZHOGLQJVSHFLILFDWLRQV 
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Fig. 4. S-N FXUYHRIWKHSUHVHQWZRUN¶V)6:DJDLQVWWKH)$7FODVVGRXEOHORJDULWKPLFVFDOH 
Fracture surface analysis 
7DEOH  VXPPDULVHV WKH IDWLJXH VDPSOHV¶ IUDFWXUH ORFDWLRQ DQG FUDFN LQLWLDWLRQ VLWHV WKH
UHPDLQLQJ WHVWV ZHUH WHUPLQDWHG RQ RU DERYH  F\FOHV ZLWKRXW IUDFWXUH 7KH
LQWHUPHGLDWH ZHOG¶V XQLTXH  RI  VDPSOHV IUDFWXUH ORFDWLRQ LV LGHQWLILHG DV WKH RXWHU
UHWUHDWLQJVLGHZKHUHIUDFWXUHLQLWLDWHGIURPWKHWRSVXUIDFHODSV>@,WKDVEHHQGLVFXVVHG
>@ WKDW DOWKRXJK GLVFHUQHG WKURXJKRXW WKH LQWHUPHGLDWH ZHOG WKHVH ODS GHIHFWV YDU\ LQ
WHUPV RI OHQJWKDQG WKHUHIRUH VLJQLILFDQFH KHQFH WKH UHODWLYHO\ ODUJH VFDWWHU RI WKH IDWLJXH
GDWD)LJ 
Table 4. Overview of fatigue fracture locations (RT: retreating; AD: advancing) 
Weld 
reference 
Tested 
samples 
Fractured 
samples 
Fracture 
position Fracture initiation sites 
Intermediate 25 24 Weld, RT side Incomplete fusion paths, top surface 
Slow 8 2 Weld, AD side Incomplete fusion paths in this segment 
of the weld only (top surface) 
Fast 8 
5 Weld root Weld root flaw 
3 Weld, AD side Incomplete fusion paths, top surface 
,QWKHVORZZHOGVL[WHVWVZHUHFRQVLGHUHGDVUXQ-RXWVLHUHDFKLQJEH\RQGîF\FOHV
WKHUHIRUHWHUPLQDWHGZLWKRXWIUDFWXUH7ZRVDPSOHVIUDFWXUHGEHIRUHWKLVSRLQWDWîDQG
îF\FOHVWKHIUDFWXUHLQLWLDWLRQVLWHVDUHHVWDEOLVKHGDVWKHODSVRQWKHDGYDQFLQJVLGH
RI WKHZHOG¶V WRSVXUIDFH >@7KH IUDFWXUHSDWK LVVHHQ WRKDYHSURSDJDWHG IURP WKH ILQH-
JUDLQHG70$= WRZDUGV WKH FRDUVHU-JUDLQHGSDUHQW SODWH LQDSODQHQHDUO\SHUSHQGLFXODU WR
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WKH WRS VXUIDFH )LJ  WZR PRUH SURQRXQFHG RI WKH ODSV IURP ZKLFK FUDFNV GLG QRW
SURSDJDWHDUHPDUNHGLQ)LJ 
 
Fig. 5. Macrograph of slow weld sample's fracture path (side view) [Etched] 
 
Fig. 6. Fast weld sample tested at 80% of YS (731,208 cycles to fracture) 
7KH  IDVW ZHOG VDPSOHV SUHVHQW GLYHUVH IUDFWXUH ORFDWLRQV EDVHG RQ WKH GRPLQDQW IODZ
KDYLQJ GHYHORSHG LQ HDFK VHJPHQW RI WKH ZHOG OHQJWK 7KH IUDFWXUH LQLWLDWLRQ VLWH IRU 
VDPSOHV LV VHHQ DW WKH ZHOG URRW IODZ DQG WKHLU IUDFWXUH VXUIDFHV DUH DQDORJRXV WR WKH
LQWHUPHGLDWH DQG VORZ IUDFWXUHG VDPSOHV )LJ  7KH IUDFWXUH SDWK KDV SURSDJDWHG
WUDQVYHUVHO\ WKURXJKWKHEXWWHGSODWHV >@&UDFNV LQLWLDWHGIRUPRUHVDPSOHVDW WKH ODSV
ZKLFK KDG EHHQ IRUPHG RQ WKH DGYDQFLQJ VLGH RI WKH ZHOG¶V WRS VXUIDFH DQG SURSDJDWHG
WKURXJKUDUHO\VHHQPLQRUHPEHGGHGIODZVRQWKHVDPHVLGHWKHUHOHYDQWIUDFWXUHVXUIDFHV
KDYHEHHQVFUXWLQLVHGSUHYLRXVO\>@ 
CONCLUSIONS 
)6: LV VHHQ WR GHOLYHU VXEVWDQWLDO PHULWV LQ ZHOGLQJ RI VWHHO EXW WKH SURFHVV UHTXLUHV
VXLWDEOH RSWLPLVDWLRQ LQ WHUPV RI KLJK VSHHG ZHOGLQJ RI DFFHSWDEOH TXDOLW\ MRLQWV ZLWKLQ
DSSOLFDWLRQ-VSHFLILF UHTXLUHPHQWV LQRUGHU WRDFKLHYHZLGHU LQGXVWULDODFFHSWDQFH7KLVZRUN
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KDVUHSRUWHGRQDFRPSUHKHQVLYHLQYHVWLJDWLRQRIVWHHO)6:ZLWKDSULPDU\IRFXVRQPDULQH
DQGVKLSEXLOGLQJDSSOLFDWLRQVWKURXJKDQXPEHURILQ-GHSWKH[SHULPHQWDOWHVWLQJSURJUDPPHV
ZLWKLQ WKH ODUJH-VFDOH (XURSHDQ UHVHDUFK SURMHFW +,/'$ 7KH SURFHVV SDUDPHWHU
GHYHORSPHQW SURJUDPPH KDV SURGXFHG QXPHURXV '+ VWHHO IULFWLRQ VWLU EXWW ZHOGV E\
HPSOR\LQJ YDU\LQJ WRRO URWDWLRQDO DQG WUDYHUVH VSHHGV XS WR PPPLQ WKXV FRQFOXGLQJ
WKDWKLJKVSHHG)6:RIVWHHOLVIHDVLEOHDQGPRUHRYHUFDQGHOLYHUVLJQLILFDQWLPSURYHPHQWV
LQWKHWHFKQR-HFRQRPLFFRPSHWLWLYHQHVVRIWKHSURFHVVUHODWLYHWRIXVLRQZHOGLQJPHWKRGV 
6LQFHKLJK WUDYHUVH VSHHG)6: LVH[SHFWHG WRDIIHFW WKHZHOGTXDOLW\ RI WKHSURGXFHG
ZHOGV KDYH EHHQ DVVHVVHG WKURXJK microstructural examination and mechanical testing to
confirm any enhancements to the techno-economic competitiveness of the process. 
0HWDOORJUDSKLF H[DPLQDWLRQ KDV HVWDEOLVKHG WKDW VLJQLILFDQW JUDLQ UHILQHPHQW RI WKH RULJLQDO
'+SDUHQWPDWHULDOPLFURVWUXFWXUH LVSURPRWHGGXULQJZHOGLQJ)6:RIVWHHOGHYHORSVD
FRPSOH[ PHWDOOXUJLFDO V\VWHP ZKLFK LV KLJKO\ GHSHQGHQW RQ WKH HPSOR\HG SURFHVV
SDUDPHWHUV FKLHIO\ WRRO WUDYHUVH VSHHG $OWKRXJK WKH DVVHVVHG ZHOGLQJ SDUDPHWHUV KDYH
SURGXFHGQRGHIHFWV LQWKHPDLQERG\RIWKHZHOG]RQHKHQFHLQFUHDVLQJWKHFRQILGHQFHLQ
WKHTXDOLW\RIKLJKVSHHG)6:DZHOGURRWIODZDQGWRSVXUIDFHEUHDNLQJIODZVKDYHEHHQ
GHWHFWHGLQPRVWZHOGV 
7UDQVYHUVHWHQVLOHWHVWLQJKDVFRQVLVWHQWO\GHPRQVWUDWHGWKDWDOOVORZDQGLQWHUPHGLDWHZHOGV
KDYHKLJKHU\LHOGVWUHQJWKFRPSDUHG WR WKHSDUHQWPDWHULDOZKLOVWPRVW IDVWZHOGVDPSOHV
IUDFWXUHG LQ WKHZHOG]RQHVXJJHVWLQJUHGXFHG WROHUDQFHWRSDUDPHWHUYDULDWLRQV7KHZHOG
KDUGQHVV LV VHHQ WR LQFUHDVH ZLWK LQFUHDVLQJ WUDYHUVH VSHHG DQG WKLV LV DWWULEXWHG WR WKH
HYROXWLRQRIKDUGHUSKDVHV LQ WKHPLFURVWUXFWXUHEXWPRVWH[DPLQHGZHOGVVKRZKDUGQHVV
GLVWULEXWLRQ ZLWKLQ FODVV UXOHV ,PSURYHPHQW LQ LPSDFW WRXJKQHVV ZLWK LQFUHDVLQJ WUDYHUVH
VSHHGKDVEHHQUHFRUGHGDQGWKLVSURYLGHVDGGLWLRQDOZHLJKWWRWKHSRWHQWLDORIKLJKVSHHG
VWHHO)6: 
6LQFHWKHIDWLJXHSHUIRUPDQFHRIZHOGHGFRPSRQHQWVLVRISDUDPRXQWLPSRUWDQFHLQPDULQH
DSSOLFDWLRQV DQG GXH WR WKH ODFN RI SHUWLQHQW WHVWLQJ VSHFLILFDWLRQV D QHZ IDWLJXH WHVWLQJ
SURFHGXUHZDV LPSOHPHQWHG WKHUHIRUHJHQHUDWLQJ WKH ILUVW6-1 FXUYHRQ IULFWLRQVWLUZHOGHG
'+VWHHO$OOH[DPLQHGIULFWLRQVWLUZHOGVH[KLELWH[FHOOHQWIDWLJXHSHUIRUPDQFHEHWWHUWKDQ
UHOHYDQW LQWHUQDWLRQDO UHFRPPHQGDWLRQV IRU IXVLRQ ZHOGLQJ 0RUHRYHU LQYHVWLJDWLRQ RI WKH
UHODWLRQ EHWZHHQ ZHOG IODZV DQG IDWLJXH SHUIRUPDQFH KDV UHYHDOHG WKDW PLQRU HPEHGGHG
IODZV GR QRW LQLWLDWH FUDFNV ZKLOVW VXUIDFH EUHDNLQJ IODZV LH ODFN RI SHQHWUDWLRQ RU WKH
LQGHQWDWLRQVRQWKHZHOGWRSVXUIDFHE\WKHWRROVKRXOGHUDUHUHFRJQLVHGDVWKHFULWLFDOIDFWRU
IRUFUDFNSURSDJDWLRQ7KHZHOGV¶ IDWLJXH OLIH LVH[SHFWHGWR LQFUHDVHGUDPDWLFDOO\ZKHQWKH
ODWWHULVDGGUHVVHGDVWKH)6:WHFKQRORJ\FRQWLQXHVWRLPSURYH 
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